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Aging is associated with profound 
changes in bone mass and body 

composition. Emerging evidence sup-
ports the hypothesis that alterations in 
mesenchymal stromal cell fate are a criti-
cal etiologic factor. In addition, time-
keeping at the cellular level is affected 
as aging progresses, particularly in the 
adipocyte. In this Extra View we discuss 
the interactive role of three molecules, 
PPARγ, nocturnin and IGF-I, in regulat-
ing stem cell fate in the marrow and the 
potential implications of this network for 
understanding cellular aging.

Introduction

Advanced aging in mammals is associated 
with profound changes in both body com-
position and bone mass.1-3 In the former, 
fat redistribution is noticeable such that 
muscle, liver and bone show evidence of 
fatty deposition and subcutaneous depots 
frequently atrophy as the efficiency of adi-
pose tissue activity in those sites declines. 
These changes in whole body adiposity 
may affect the balance between energy 
storage and energy expenditure which in 
part is regulated through the adipokine, 
leptin, a major stimulator of sympathetic 
activation.4 Coincident with site-specific 
changes in adiposity, age-related bone loss 
accelerates as trabeculae degenerate and 
the endosteal envelope thins.5 This results 
in bone fragility and ultimately osteopo-
rotic fractures. Not surprisingly, the bone 
marrow microenvironment mirrors these 
systemic changes as hematopoietic stem 
cell numbers decline, adipocytes become 
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more prevalent and osteoblastic activity 
slows. Importantly, the cellular origin of 
this shift can be recapitulated in vitro by 
activation of specific transcription factors 
in mesenchymal stromal cells (MSCs).6,7 
Although lineage allocation into adipo-
cytes or osteoblasts is generally considered 
as mutually exclusive, little is known about 
the function of marrow adiposity and its 
relationship to other adipose depots or 
the skeleton, particularly with aging.8-10 
One consistent finding is that PPARγ2, 
a critical adipocytic transcription factor, 
is upregulated several folds in bone mar-
row from old vs. adult animals (Fig. 1). 
This correlates closely with the number 
of marrow adipocytes and inversely with 
bone mass (Fig. 2). These findings are also 
observed in diabetes mellitus, a disease 
that often manifests itself in many systems 
as accelerated aging.11

The replacement of marrow stromal ele-
ments with fat cells was long considered a 
passive process with no functional implica-
tions. However, this view has undergone 
considerable revision in light of new insights 
about the PPARγ regulatory program and 
use of new mouse models. Recently our 
laboratories defined an important link 
between PPARγ and nocturnin (Noc), a 
circadian regulated gene that evolved mil-
lions of years ago from the yeast family of 
transcription factors regulating cellular 
responses to external cues.12-14 The role of 
this network in the bone micro environ-
ment during aging and its relationship to 
IGF-I informs us about both physiologic 
and pathologic processes that become oper-
ational as the mammalian organism ages.



www.landesbioscience.com	 Cell Cycle	 3649

 extra view extra view

brown fat, the context specific nature 
and unique location of these cells indi-
cate these cells are likely to have a more 
specialized function.21 For example, the 
expression of pro-inflammatory cytokines 
increases with aging leading to the tenet 
that this type of adipose tissue may have 
a lipotoxic effect on bone.22 Likewise, the 
adipokines leptin and adiponectin may 
also modulate osteoblast differentiation 
and function in a paracrine manner.23-29 
Thus, marrow adipocytes could be meta-
bolically active and may function as a 
negative regulator for hematopoiesis and 
osteoblastogenesis through secretory fac-
tors. On the other hand, there are mouse 
models in which marrow fat is increased 
and trabecular bone mass is high, or where 
marrow adiposity is transient, implying 
there is a dynamic nature to the adipocyte 
program.29-31

PPARγ as a Factor Regulating 
MSCs Lineage Commitment

One possible mechanism underlying the 
age-associated micro-structural change in 
the bone marrow resides in the shift of cell 
fate determination of MSCs toward adipo-
genesis.8-10,33 Osteoblasts and adipocytes 
share a common precursor cell, but the 
lineage commitment of MSCs toward adi-
pogenesis and osteoblastogenesis is often 
mutually exclusive. The determination of 
MSCs cell fate involves a number of tran-
scription factors, and PPARγ is one such 
factor regulating this process. PPARγ is a 
member of the PPAR family of transcrip-
tional factors and nuclear receptors which 
possess a critical role in adipogenesis and 
osteogenesis as evidenced by the fact that 
haploinsufficiency or hypomorphic muta-
tion of PPARγ result in the high-bone 
mass phenotype and reduced marrow 
adiposity.34,35 In addition, as shown in a 
number of in vitro models of MSC dif-
ferentiation, as well as in primary bone 
marrow cells, the activation of PPARγ2 
with either natural (fatty acids and eco-
sanoids) or artificial (TZD) ligands 
directs MSC differentiation toward the 
adipocyte lineage at the expense of osteo-
blast formation.3,6,32,36 Moreover, activa-
tion of PPARγ2 in cells of the osteoblast 
lineage converts them to terminally dif-
ferentiated adipocytes and irreversibly 

adipocytes are all but absent in the bone 
marrow and hematopoietic cells primar-
ily occupy the marrow cavity at this 
stage. During pubertal growth, there is 
gradual infiltration of marrow from the 
long bones with adipocytes. However, 
with advancing age, the number of adi-
pocytes in the bone marrow increases 
dramatically resulting in the appearance 
of fatty marrow. In humans, most of the 
femoral cavity is occupied by fat by the 
third decade of life, whereas in the ver-
tebrae this does not occur until the 7th or 
8th decade. Importantly, these age-related 
changes in marrow adiposity are associ-
ated with bone loss. In insulin-dependent 
Type I diabetes this inverse correlation 
between marrow adipocytes and bone 
mass occurs at a much earlier age.18 The 
dynamic changes in the micro-structure 
of bone marrow with aging are accompa-
nied by impaired osteoblast proliferation 
resulting in a decreased osteoblast pool 
and robust infiltration of marrow adipo-
cytes.10,19 In many cases, osteoclast num-
ber is also increased.

Marrow fat has long been considered 
inert and the default pathway for the cell 
fate determination of MSCs; however, 
accumulating evidence demonstrate the 
emerging role of marrow adipocytes as 
more than passive occupants of the mar-
row.3 Indeed, the Daley laboratory has 
demonstrated in vivo that marrow adi-
posity in at least two skeletal sites of the 
mouse (i.e., tail and vertebrae) serves to 
inhibit hematopoiesis.20 Since the pheno-
type of marrow adipocytes is similar to 
that of adipocytes present in white and 

Age-Related Micro-Structural 
Change in the Bone Marrow

Age-related bone loss occurs universally in 
all mammals and, unlike postmenopausal 
bone loss, affects individuals regard-
less of sex steroid status. Maintenance of 
bone homeostasis throughout life relies 
on bone remodeling, which continually 
replaces old and damaged bone with new 
bone in order to maintain bone strength 
and elasticity.1 Two types of cells are 
involved in bone remodeling: osteoclasts, 
which originate from hematopoietic cells, 
are responsible for bone resorption and 
osteoblasts, which originate from mes-
enchymal cells, are responsible for bone 
formation. The characteristic feature of 
age-related bone loss is the uncoupling 
of formation from resorption leading to a 
net loss of bone mass. The etiology of this 
uncoupling is multifactorial and includes 
changes in endogenous gonadal steroids, 
increased reactive oxygen species and a 
global decline in local growth factors that 
promote osteoblastic differentiation.5,15,16 
And, coincident with primary skeletal 
changes, muscle wasting, which is com-
mon during the aging process is another 
factor affecting bone loss.17 Interestingly, 
sarcopenia is associated with muscle atro-
phy and fatty infiltration.

Bone marrow consists of a number 
of cell types including hematopoietic 
stem cells, mature blood cells, adipo-
cytes, endothelial cells, osteoblasts and 
osteoclasts. The compositional ratio in 
bone marrow of these cells changes with 
age. For example, in neonatal mammals, 

Figure 1. Aging-related increase in PPARγ2 expression in bone marrow stromal cells. (A) Bone mar-
row stromal cells were collected from adult (6 months old) and old (24 months old) mice and ex-
panded. PPARγ2 expression was measured by real-time PCR. PPARγ2 expression was enhanced in 
cells from old mice compared to those from adult mice. (B) RNA was extracted from tibia of young 
(3 mo), adult (6 mo) and old (24 mo) mice. PPARγ2 expression was measured by real-time PCR.
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as a post-transcriptional mechanism to 
regulate gene expression. The detailed 
analyses of metabolic phenotype and body 
composition of Noc-/- mice revealed that 
these mice were protected from high-
fat diet-induced obesity and fatty liver 
changes; interestingly, PPARγ circadian 
expression profile in the liver disappeared 
in Noc-/- mice on the high-fat diet, imply-
ing that PPARγ function is impaired in 
Noc-/- mice.14 Consistent with this idea, 
Noc-/- mice showed high bone mass phe-
notype and decreased marrow adiposity 
(Fig. 3).13 These lines of evidence indi-
cate that a circadian-regulated gene, Noc, 
modulates metabolic outputs and body 
composition through PPARγ and its cir-
cadian expression.

The Role of Nocturnin  
in the Regulation of MSC Cell Fate

To better understand the role of Noc on 
PPARγ activity, we analyzed the temporal 
expression profiles of Noc during adipo-
genesis and osteogenesis. Noc expression 
is increased during adipogenesis of 3T3-
L1 cells, while suppressed during the 
osteogenesis of primary calvarial osteo-
blasts.13 These data led us to speculate that 
Noc is a positive regulator for adipogenesis 
and a negative regulator for osteogenesis. 
Indeed, overexpression of Noc in 3T3-L1 
cells enhances adipogenesis accompanied 

aging, adding another possible mecha-
nism for increased bone resorption.43

Nocturnin as a Modulator  
for PPARγ Rhythmic Expression

It is well established that there is a strong 
connection between circadian networks 
and metabolic outputs; however, the pre-
cise mechanisms whereby the circadian 
system affects metabolic status remains 
largely unknown.44 Given the fact that 
nuclear receptors play critical roles in a 
wide range of metabolism and most of 
the nuclear receptors possess a circadian 
expression profile, it is conceivable that 
nuclear receptors have an important role in 
circadian-regulated metabolic responses. 
In fact, PPARγ is one such factor, which 
has a profound effect on lipid and glu-
cose metabolisms and exhibits a circadian 
expression pattern that is amplified by a 
high-fat diet.44-46

Green et al. identified Nocturnin 
(Noc) as a circadian-regulated gene in 
Xenopus retina.47 Noc expression shows 
peak expression at around the light off-
set in most tissues including liver, spleen, 
kidney and skeleton.48 Noc is a mem-
ber of a family of proteins that includes 
transcription factors, deadenylases and 
phosphatases49-52 and functions as a dead-
enylase which degrades mRNA from poly-
adenylation site of 3'UTR,50 thus serving 

suppresses their phenotype, including 
suppression of osteoblast-specific signaling 
pathways such as the Wnt, TGFβ/BMP 
and IGF-1 pathways and transcriptional 
regulators such as Dlx5, Msx2, Runx2 
and Osterix.6,10,37 Importantly, expression 
of PPARγ2 increases with age in the bone 
marrow of mice and this is associated with 
increased marrow adiposity and bone loss 
(Figs. 1 and 2). Thus, enhanced PPARγ2 
expression in the bone marrow milieu 
plays an important role in the pathogenesis 
of age-related bone loss through shifting 
the cell fate of MSCs toward adipogenesis 
and away from osteogenesis. In addition 
to the alteration of cell fate determina-
tion, phenotypic changes of MSCs during 
aging process could also be responsible 
for age-related bone loss. For example, 
impairment of cell proliferation and dif-
ferentiation, as well as chromosomal insta-
bilities of MSCs have been implicated in 
long-term cell culture models.38

Activation of bone resorption also plays 
an important part in age-related bone loss. 
Since PPARγ has been implicated in the 
activation of osteoclastogenesis, increases 
in PPARγ2 expression in the bone marrow 
could be responsible for the increase in 
bone resorption with advanced aging.39‑42 
In addition, production of macrophage 
colony-stimulating factor (M-CSF) and 
RANKL, two pro-osteoclastic cytokines, 
has been shown to be increased with 

Figure 2. Aging- and rosiglitazone-dependent increase of marrow adiposity and decrease in bone mineral density (BMD). (A) Adipocyte number in 
the bone marrow was counted in young (3 months), adult (6 months) and old (24 months) mice. Marrow adipocyte number was increased with age, 
which was further enhanced by the treatment with rosiglitazone (R). (B) Whole body areal bone mineral density (BMD) was measured in young  
(3 months), adult (6 months) and old (24 months) mice.
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clinical studies/observations also indicate 
the critical role of systemic IGF-I in the 
regulation of bone mass. For example, a 
large body of evidence demonstrates the 
positive correlation between IGF-I serum 
concentration and bone mass across sev-
eral key time points of life. Serum IGF-I 
levels in umbilical cord blood has been 
related to whole body bone mineral con-
tent (BMC) in full-term 119 newborn 
infants.57 Furthermore, serum IGF-I levels 
peak at puberty when skeletal acquisition 
is maximized and then declines with age 
as bone mass decreases. Cohort studies 
have also revealed a positive association of 
IGF-I serum concentration and bone mass 
in post-menopausal women.58,59

Locally produced IGF-I in the skeletal 
microenvironment plays a pivotal role in 
skeletal mass.60,61 For example, osteoblastic 
overexpression of Igf1 results in decreased 
bone mass without affecting serum 
IGF-I concentrations.60,61 Importantly, as 
observed with circulating IGF-I, there is 
an age-related decline in skeletal IGF-I 
concentrations associated with bone loss 
(Fig. 4). These changes in the bone mar-
row are also accompanied by the infiltra-
tion of marrow adipocytes and increased 
PPARγ2 expression in the bone marrow 
(Figs. 1 and 2). Given the anti-osteogenic 
capacity of PPARγ2 and the pro-osteo-
genic capacity of IGF-I, we asked whether 
PPARγ2 was one of the determinants of 
Igf1 expression in the skeletal micro-envi-
ronment. We analyzed Igf1 expression 
in a marrow stromal cell cell line, U-33 
cells stably expressing PPARγ2 (U-33/γ2 
cells) and found that PPARγ2 activation 
significantly suppressed Igf1 mRNA tran-
scripts and IGF-I protein levels in the con-
ditioned media.62 Similar results were also 
observed in bone marrow stromal cells 
treated with rosiglitazone. These lines 
of evidence demonstrated that the age-
dependent increase of PPARγ2 expression 
in the skeletal micro-environment could 
play a role in skeletal loss through down-
regulation of Igf1 expression.

Nocturnin: A Downstream  
Regulator of PPARγ which  

Targets Igf1

Next, we tried to understand the possible 
mechanisms whereby PPARγ activation 

activity is independent of its deadenylase 
activity because the mutant Noc, which 
lacks deadenylase activity, exhibits the 
same effect on PPARγ activity.13 Of note is 
the fact that Noc is an inducible gene. Noc 
has been shown to be induced by fetal calf 
serum, FOXO1 and insulin in NIH3T3 
and 3T3-L1 cells,13,49 suggesting that Noc 
expression could be affected by energy sta-
tus and that Noc might be one factor that 
links external stimuli to metabolic output 
through PPARγ.

PPARγ Regulation of IGF-I:  
Implication for the Adipocyte  

Program and Age-Related 
Bone Loss

Insulin-like growth factor-I (IGF-I) both 
locally and in the circulation regulates a 
number of physiological aspects of skeletal 
and adipose metabolism.53,54 For example 
IGF-I expression is high in proliferating 
mesenchymal stem cells, but then falls 
with differentiation into either adipocytes 
or osteoblasts.54 Late in bone cell differen-
tiation IGF-I production rises and this is 
also noted for fully differentiated adipo-
cytes. Circulating IGF-I, which primarily 
originates from liver synthesis, can also 
regulate skeletal accrual in an endocrine 
manner.55,56 These findings are evidenced 
mostly by analyses using genetically 
engineered mouse models, but human 

by increased PPARγ2 expression. In con-
trast, overexpression of Noc suppressed 
osteogenesis of MC3T3-E1 cells.13 These 
lines of evidence together with the in 
vivo phenotype of high-bone mass and 
decreased marrow adiposity in Noc‑/- mice 
indicate that Noc may regulate specifi-
cation of MSCs toward the adipogenic 
lineage. Cell fractionation and immu-
nofluorescence analyses revealed the 
exclusive expression profile of Noc in the 
cytoplasm and nuclear membrane, rul-
ing out the possibility that Noc func-
tions as a co-activator for PPARγ.13 But 
interestingly, Noc binds to PPARγ and 
facilitates its entry into the nucleus, which 
enhances PPARγ transcriptional activity. 
Interestingly, the effect of Noc on PPARγ 

Figure 3. High bone mass and reduced marrow adiposity in Noc-/- mice. (A) Trabecular bone 
micro-architecture of the distal femur was analyzed by microCT at 16 weeks of animal’s age.  
(B) Marrow adiposity was evaluated in HE-stained femurs of the same animals.

Figure 4. Aging-associated decrease in Igf1 
expression in the bone. RNA was collected 
from tibia of adult (6 months) and old (24 
months) mice and Igf1 expression was ana-
lyzed by real-time PCR.
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was related to Noc-induced deadenylation 
of IGF-I in the skeleton. Despite earlier 
studies showing that Noc was one of the 
most upregulated genes in the aging rodent 
liver,68 we were unable to demonstrate 
any effect of aging on Noc expression in 
bone marrow stromal cells or whole bone  
(Fig. 7). This is not inconsistent with our 
earlier findings that Noc may be upstream 
rather than directly downstream of 
PPARγ, but it also suggests there are other 
factors produced locally that affect mesen-
chymal cell fate. Given the fact that Noc 
is highly upregulated by PPARγ activation 
(such as rosiglitazone, high-fat diet69), it is 
possible that Noc could be more operative 
in pathogenic conditions such as obesity, 
type 2 diabetes and corticosteroid use 
all of which affect circadian rhythms. In 
addition, the persistent expression of Noc 
early in adipogenic differentiation, even 
in cells from old mice, provides support 

To test this hypothesis, first, we ana-
lyzed the circadian expression profile 
of Igf1 and Noc in whole femur.67 Igf1 
showed circadian rhythmicity with the 
lowest expression at night when Noc 
transcripts were highest, demonstrating 
an anti-phase expression profile between 
these two genes (Fig. 6).67 IGF-I pro-
tein levels in the bone marrow fluid was 
decreased at night time compared to the 
daytime.67 Importantly, in Noc-/- femurs 
the reduction in Igf1 expression at night 
time was not observed, suggesting the 
important role of Noc in the circadian 
regulation of Igf1 in vivo. Second, to 
clarify whether the 3'UTR region of Igf1 
mRNA is recognized by Noc, we gener-
ated a luciferase constructs containing the 
short form or full length of the 3'UTR 
region in the Igf1 transcripts.67 Noc over-
expression did not have any effect on the 
170 bp short 3'UTR, which included the 
first poly A site. However, luciferase activ-
ity of the long form 3'UTR (6 kb) was sup-
pressed in Noc-overexpressing MC3T3-E1 
cells, whereas it was markedly increased in 
MC3T3-E1 cells expressing shRNA for 
Noc. In sum Noc recognizes the long form 
of the Igf1 3'UTR and apparently sup-
presses Igf1 transcripts by deadenylation, 
possibly in collaboration with one or more 
RNA binding proteins. This novel post-
transcriptional mechanism for regulating 
IGF-I may be operative during various 
environmental stresses including caloric 
restriction and post-operative catabolic 
conditions.

Finally, we sought to determine whether 
the age-associated increase in PPARγ that 
is responsible for the enhanced recruit-
ment of adipocytes into the bone marrow 

suppressed Igf1 expression. First, we 
examined the promoter region of the Igf1 
gene using data-based analysis to identify 
possible binding sites for PPARγ; however 
no candidate binding site was observed, 
suggesting that PPARγ regulation of Igf1 
was not at the transcriptional level. Based 
on these observations, we next performed 
micro-array analysis to detect genes 
affected by PPARγ2 in U-33/γ2 cells and 
found Noc to be one of the most highly 
upregulated genes with PPARγ2 activa-
tion by rosiglitazone (Fig. 5).6,12

As mentioned earlier, Noc functions 
as a deadenylase that degrades mRNA 
from poly-adenylation site of 3'UTR, 
thus adding a post-transcriptional regu-
lation to gene expression. Importantly, 
RNA-binding proteins are required for 
Noc recruitment to RNA and function.63 
Igf1 transcripts contain a long 3' untrans-
lated region (3'UTR).64 The full length 
(6.4 kb) 3'UTR contains at least 3 poly-
adenylation sites and the use of the first 
polyadenylation site generates a short-form 
(170-bp) 3'UTR.64 Sequence analysis of 
the 3'UTR revealed that it is likely that 
the longer-form 3'UTR, not short-form 
3'UTR, contains the regulatory regions 
where RNA-binding proteins interact. In 
addition, several lines of evidence suggest 
that Igf1 transcripts with the longer-form 
of 3'UTR are more abundantly expressed 
than the short-form in skeletal tissue.65,66 
Based on these findings we hypothe-
sized that Noc regulated Igf1 expression 
through recognition of the longer-form of 
3'UTR in the skeleton.

Figure 5. Upregulation of Noc in response to 
PPARγ2 activation. U-33 cells stably express-
ing PPARγ2 expression vector (U-33/γ2 cells) 
were treated with Rosiglitazone (ROZ) for 3 
days and RNA was collected. Expression of 
Noc was analyzed by real-time PCR.

Figure 6. Anti-phase circadian expression pattern between Noc and Igf1 in the femur. RNA was 
collected from femur at the several time points of the day and expression of Noc and long-form 
Igf1 were analyzed by real-time PCR. White bar and black bar represent daytime (ZT 0–14) and 
night time (ZT 14–24), respectively.

Figure 7. Noc expression was unchanged 
during the process of aging in the bone mar-
row stromal cells. Bone marrow stromal cells 
were collected from adult (6 months old) and 
old (24 months old) mice and expanded. Noc 
expression was measured by real-time PCR.
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Conclusion

PPARγ activity in response to TZDs is 
different than PPARγ activity during 
aging. Although both activities lead to 
increased adipogenesis there are major 
functional differences. TZD-induced 
activity has beneficial effects on energy 
metabolism, while aging- or fatty acids-
induced PPARγ activity have a net nega-
tive effect leading to decrease in insulin 
sensitivity and increased inflamma-
tory markers. Understanding the role of 
Nocturnin in the aging process is critical, 
particularly since this protein may differ-
entially impact brown adipogenesis more 
than white. Future studies are designed to 
address these considerations and should 
inform us further about aging and the adi-
pocyte program.

for the proposition that circadian regula-
tion at the cellular level is still active dur-
ing advanced aging. On the other hand, 
it is also possible that the absence of an 
increase in Noc with aging in the mar-
row favors a different adipocyte program 
with functional relevance; i.e., promo-
tion of fatty acid storage rather than uti-
lization of these compounds. Several lines 
of evidence from our studies of the Noc 
molecule and the Noc-/- mice suggest that 
it is important in brown adipogenesis. If 
PPARγ increases but Noc does not with 
aging, it is conceivable that the marrow 
adipocytes observed in old mice are func-
tionally different from other fat cells. Two 
critical pieces of evidence are lacking to 
date: (1) other RNA targets for Noc as a 
deadenylase and (2) how Noc determines 
the functional adipocyte program when it 
promotes PPARγ activation.

Figure 8. Schematic model of Noc, PPARγ and Igf1 network in the bone marrow. The fate of mes-
enchymal stem cells (MSCs) is regulated by a number of transcription factors. PPARγ and C/EBPs 
regulates the specification of MSCs toward the adipogenic lineage, while Runx2, Osterix and Dlx5 
favors osteoblastogenesis. Circadian-regulated gene, Nocturnin (Noc), increases PPARγ activity 
in part by stimulating its nuclear translocation and enhances adipogenesis. In contrast, Noc is a 
negative regulator for osteoblastogenesis. Noc downregulates Igf1 expression probably through 
targeting the long-form 3' UTR of Igf1 transcripts, resulting in the decrease in IGF-I protein levels 
in the skeletal microenvironment. Because IGF-I is a pivotal factor for skeletal metabolism, Noc-
induced bone loss may be in part explained by its activity to decrease IGF-I levels. Importantly, 
Noc is induced by external stimuli such as high-fat diet and rosiglitazone, thus proposing the pos-
sibility that Noc is a circadian factor linking external stimuli and cellular metabolic outputs. PPARγ, 
Peroxisome proliferator-activated receptor-gamma; C/EBP, CCAAT enhancer binding protein; 
Runx2, Runt-related transcription factor 2; Dlx5, Distal-less homebox homolog 5; Msx2, Muscle 
segment homeobox homolog of 2.



3654	 Cell Cycle	V olume 9 Issue 18

55.	 Yakar S, Liu JL, Stannard B, Butler A, Accili D, Sauer 
B, et al. Normal growth and development in the 
absence of hepatic insulin-like growth factor I. Proc 
Natl Acad Sci USA 1999; 96:7324-9.

56.	 Yakar S, Rosen CJ, Beamer WG, Ackert-Bicknell 
CL, Wu Y, Liu JL, et al. Circulating levels of IGF-1 
directly regulate bone growth and density. J Clin 
Invest 2002; 110:771-81.

57.	 Javaid MK, Godfrey KM, Taylor P, Shore SR, Breier 
B, Arden NK, et al. Umbilical venous IGF-1 concen-
tration, neonatal bone mass and body composition. J 
Bone Miner Res 2004; 19:56-63.

58.	 Garnero P, Sornay-Rendu E, Delmas PD. Low serum 
IGF-1 and occurrence of osteoporotic fractures in 
postmenopausal women. Lancet 2000; 355:898-9.

59.	 Langlois JA, Rosen CJ, Visser M, Hannan MT, 
Harris T, Wilson PW, et al. Association between 
insulin-like growth factor I and bone mineral density 
in older women and men: the Framingham Heart 
Study. J Clin Endocrinol Metab 1998; 83:4257-62.

60.	 Zhao G, Monier-Faugere MC, Langub MC, Geng Z, 
Nakayama T, Pike JW, et al. Targeted overexpression 
of insulin-like growth factor I to osteoblasts of trans-
genic mice: increased trabecular bone volume with-
out increased osteoblast proliferation. Endocrinology 
2000; 141:2674-82.

61.	 Zhang M, Xuan S, Bouxsein ML, von Stechow D, 
Akeno N, Faugere MC, et al. Osteoblast-specific 
knockout of the insulin-like growth factor (IGF) 
receptor gene reveals an essential role of IGF signal-
ing in bone matrix mineralization. J Biol Chem 2002; 
277:44005-12.

62.	 Lecka-Czernik B, Ackert-Bicknell C, Adamo ML, 
Marmolejos V, Churchill GA, Shockley KR, et 
al. Activation of peroxisome proliferator-activated 
receptor gamma (PPARgamma) by rosiglitazone sup-
presses components of the insulin-like growth factor 
regulatory system in vitro and in vivo. Endocrinology 
2007; 148:903-110.

63.	 Goldstrohm AC, Wickens M. Multifunctional dead-
enylase complexes diversify mRNA control. Nat Rev 
Mol Cell Biol 2008; 9:337-44.

64.	 Foyt HL, LeRoith D, Roberts CT Jr. Differential 
association of insulin-like growth factor I mRNA 
variants with polysomes in vivo. J Biol Chem 1991; 
266:7300-5.

65.	 Lund PK, Moats-Staats BM, Hynes MA, Simmons 
JG, Jansen M, D’Ercole AJ, et al. Somatomedin-C/
insulin-like growth factor-I and insulin-like growth 
factor-II mRNAs in rat fetal and adult tissues. J Biol 
Chem 1986; 261:14539-44.

66.	 Delany AM, Canalis E. Transcriptional repression of 
insulin-like growth factor I by glucocorticoids in rat 
bone cells. Endocrinology 1995; 136:4776-81.

67.	 Kawai M, Delany AM, Green CB, Adamo ML, 
Rosen CJ. Nocturnin suppresses Igf1 expression in 
bone by targeting the 3' untranslated region of Igf1 
mRNA. Endocrinology 2010; In press.

68.	 Cao SX, Dhahbi JM, Mote PL, Spindler SR. Genomic 
profiling of short- and long-term caloric restriction 
effects in the liver of aging mice. Proc Natl Acad Sci 
USA 2001; 98:10630-5.

69.	 Massiera F, Barbry P, Guesnet P, Joly A, Luquet S, 
Moreilhon Brest C, et al. A western-like fat diet is suf-
ficient to induce a gradual enhancement in fat mass 
over generations. J Lipid Res 2010; 51:2352-2361.

37.	 Lecka-Czernik B, Gubrij I, Moerman EJ, Kajkenova 
O, Lipschitz DA, Manolagas SC, et al. Inhibition of 
Osf2/Cbfa1 expression and terminal osteoblast dif-
ferentiation by PPARgamma2. J Cell Biochem 1999; 
74:357-71.

38.	 Wagner W, Bork S, Lepperdinger G, Joussen S, Ma 
N, Strunk D, et al. How to track cellular aging of 
mesenchymal stromal cells? Aging 2010; 2:224-30.

39.	 Wan Y, Chong LW, Evans RM. PPAR-gamma regu-
lates osteoclastogenesis in mice. Nat Med 2007; 
13:1496-503.

40.	 Wei W, Wang X, Yang M, Smith LC, Dechow PC, 
Wan Y, et al. PGC1beta mediates PPARgamma 
activation of osteoclastogenesis and rosiglitazone-
induced bone loss. Cell Metab 2010; 11:503-16.

41.	 Sottile V, Seuwen K, Kneissel M. Enhanced mar-
row adipogenesis and bone resorption in estrogen-
deprived rats treated with the PPARgamma agonist 
BRL49653 (rosiglitazone). Calcif Tissue Int 2004; 
75:329-37.

42.	 Li M, Pan LC, Simmons HA, Li Y, Healy DR, 
Robinson BS, et al. Surface-specific effects of a 
PPARgamma agonist, darglitazone, on bone in mice. 
Bone 2006; 39:796-806.

43.	 Lazarenko OP, Rzonca SO, Hogue WR, Swain FL, 
Suva LJ, Lecka-Czernik B. Rosiglitazone induces 
decreases in bone mass and strength that are reminis-
cent of aged bone. Endocrinology 2007; 148:2669-80.

44.	 Green CB, Takahashi JS, Bass J. The meter of 
metabolism. Cell 2008; 134:728-42.

45.	 Yang X, Downes M, Yu RT, Bookout AL, He 
W, Straume M, et al. Nuclear receptor expression 
links the circadian clock to metabolism. Cell 2006; 
126:801-10.

46.	 Evans RM, Barish GD, Wang YX. PPARs and the 
complex journey to obesity. Nat Med 2004; 10:355-61.

47.	 Green CB, Besharse JC. Identification of a novel 
vertebrate circadian clock-regulated gene encoding 
the protein nocturnin. Proc Natl Acad Sci USA 1996; 
93:14884-8.

48.	 Wang Y, Osterbur DL, Megaw PL, Tosini G, 
Fukuhara C, Green CB, et al. Rhythmic expression of 
Nocturnin mRNA in multiple tissues of the mouse. 
BMC Dev Biol 2001; 1:9.

49.	 Garbarino-Pico E, Niu S, Rollag MD, Strayer CA, 
Besharse JC, Green CB. Immediate early response 
of the circadian polyA ribonuclease nocturnin to two 
extracellular stimuli. RNA 2007; 13:745-55.

50.	 Baggs JE, Green CB. Nocturnin, a deadenylase in 
Xenopus laevis retina: a mechanism for posttranscrip-
tional control of circadian-related mRNA. Curr Biol 
2003; 13:189-98.

51.	 Dupressoir A, Morel AP, Barbot W, Loireau MP, 
Corbo L, Heidmann T. Identification of four families 
of yCCR4- and Mg2+-dependent endonuclease-relat-
ed proteins in higher eukaryotes and characterization 
of orthologs of yCCR4 with a conserved leucine-rich 
repeat essential for hCAF1/hPOP2 binding. BMC 
Genomics 2001; 2:9.

52.	 Tucker M, Valencia-Sanchez MA, Staples RR, Chen 
J, Denis CL, Parker R. The transcription factor 
associated Ccr4 and Caf1 proteins are components 
of the major cytoplasmic mRNA deadenylase in 
Saccharomyces cerevisiae. Cell 2001; 104:377-86.

53.	 Kawai M, Rosen CJ. The IGF-I regulatory system 
and its impact on skeletal and energy homeostasis. J 
Cell Biochem 2010; 111:14-9.

54.	 Kawai M, Rosen CJ. Insulin-like growth factor-I and 
bone: lessons from mice and men. Pediatr Nephrol 
2009; 24:1277-85.

19.	 Gimble JM, Robinson CE, Wu X, Kelly KA, 
Rodriguez BR, et al. Peroxisome proliferator-activat-
ed receptor-gamma activation by thiazolidinediones 
induces adipogenesis in bone marrow stromal cells. 
Mol Pharmacol 1996; 50:1087-94.

20.	 Naveiras O, Nardi V, Wenzel PL, Hauschka PV, 
Fahey F, Daley GQ. Bone-marrow adipocytes as 
negative regulators of the haematopoietic microenvi-
ronment. Nature 2009; 460:259-63.

21.	 Cartwright MJ, Tchkonia T, Kirkland JL. Aging 
in adipocytes: potential impact of inherent, depot-
specific mechanisms. Exp Gerontol 2007; 42:463-71.

22.	 Gasparrini M, Rivas D, Elbaz A, Duque G. 
Differential expression of cytokines in subcutane-
ous and marrow fat of aging C57BL/6J mice. Exp 
Gerontol 2009; 44:613-8.

23.	 Elefteriou F, Ahn JD, Takeda S, Starbuck M, Yang X, 
Liu X, et al. Leptin regulation of bone resorption by 
the sympathetic nervous system and CART. Nature 
2005; 434:514-20.

24.	 Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao 
L, Parker KL, et al. Leptin regulates bone forma-
tion via the sympathetic nervous system. Cell 2002; 
111:305-17.

25.	 Cornish J, Callon KE, Bava U, Lin C, Naot D, Hill 
BL, et al. Leptin directly regulates bone cell func-
tion in vitro and reduces bone fragility in vivo. J 
Endocrinol 2002; 175:405-15.

26.	 Hamrick MW, Pennington C, Newton D, Xie D, 
Isales C. Leptin deficiency produces contrasting phe-
notypes in bones of the limb and spine. Bone 2004; 
34:376-83.

27.	 Shinoda Y, Yamaguchi M, Ogata N, Akune T, 
Kubota N, Yamauchi T, et al. Regulation of bone 
formation by adiponectin through autocrine/para-
crine and endocrine pathways. J Cell Biochem 2006; 
99:196-208.

28.	 Oshima K, Nampei A, Matsuda M, Iwaki M, 
Fukuhara A, Hashimoto J, et al. Adiponectin increas-
es bone mass by suppressing osteoclast and activating 
osteoblast. Biochem Biophys Res Commun 2005; 
331:520-6.

29.	 Kawai M, Devlin MJ, Rosen CJ. Fat targets for skel-
etal health. Nat Rev Rheumatol 2009; 5:365-72.

30.	 Sheng MH, Baylink DJ, Beamer WG, Donahue LR, 
Rosen CJ, Lau KH, et al. Histomorphometric studies 
show that bone formation and bone mineral apposi-
tion rates are greater in C3H/HeJ (high-density) than 
C57BL/6J (low-density) mice during growth. Bone 
1999; 25:421-9.

31.	 Rosen CJ, Ackert-Bicknell CL, Adamo ML, Shultz 
KL, Rubin J, Donahue LR, et al. Congenic mice with 
low serum IGF-I have increased body fat, reduced 
bone mineral density and an altered osteoblast dif-
ferentiation program. Bone 2004; 35:1046-58.

32.	 Lecka-Czernik B, Suva LJ. Resolving the two “bony” 
faces of PPAR-gamma. PPAR Res 2006; 27489.

33.	 Rosen ED, Spiegelman BM. PPARgamma: a nuclear 
regulator of metabolism, differentiation and cell 
growth. J Biol Chem 2001; 276:37731-4.

34.	 Akune T, Ohba S, Kamekura S, Yamaguchi M, 
Chung UI, Kubota N, et al. PPARgamma insuf-
ficiency enhances osteogenesis through osteoblast 
formation from bone marrow progenitors. J Clin 
Invest 2004; 113:846-55.

35.	 Cock TA, Back J, Elefteriou F, Karsenty G, Kastner 
P, Chan S, et al. Enhanced bone formation in lipo-
dystrophic PPARgamma(hyp/hyp) mice relocates 
haematopoiesis to the spleen. EMBO Rep 2004; 
5:1007-12.

36.	 Muruganandan S, Roman AA, Sinal CJ. Adipocyte 
differentiation of bone marrow-derived mesenchymal 
stem cells: cross talk with the osteoblastogenic pro-
gram. Cell Mol Life Sci 2009; 66:236-53.


